One hundred and ninety three odor detection thresholds, ODTs, obtained by Nagata using the Japanese triangular bag method can be correlated as log (1/ODT) by a linear equation with R 2 = 0.748 and a standard deviation, SD, of 0.830 log units; the latter may be compared to our estimate of 0.66 log units for the self-consistency of Nagata's data. 
Introduction
An odor detection threshold (ODT) is a biological endpoint that provides a quantitative assessment of the effect of airborne chemicals on the olfactory system of a human subject. Odor detection thresholds, obtained by approximately the same protocol, for a series of chemicals then constitute a suitable measure of the relative effectiveness, or potency, of the chemicals to elicit an effect. The smaller the ODT, the more 'potent' is the chemical. Unfortunately, if odor detection thresholds are determined by two different protocols, the obtained ODT for a particular compound may differ by orders of magnitude, as illustrated for a series of n-alcohols (Cometto-Muñiz and Abraham 2008a) . However, their analysis showed that although there were striking differences in the obtained ODT values as between different protocols, there was a clear trend of decreasing ODT values with increasing carbon number of the n-alcohol, i.e., along the homologous series. It has been pointed out (Schmidt and Cain 2006) that in cases where different protocols give rise to very different obtained values of ODT, the protocol that gives rise to the lowest obtained values will usually be regarded as the most meaningful. It is generally acknowledged that weaknesses in methodology, e.g., poor control of concentration, will result in higher rather than in lower thresholds.
Among other studies cited in comprehensive compilations (American Industrial Hygiene Association 1989; Devos et al.1990; Environmental protection Agency 1992; van Gemert 2003) , there are two recent protocols for the determination of ODTs that have both 3 3 tested a relatively large number of chemicals (n ≥ 60) and used a uniform methodology.
These are the Japanese triangle odor bag method (Nagata 2003) , and the odor squeeze bottle method (Cometto-Muñiz and Cain 1990; Cometto-Muñiz 2001) . As has been pointed out (Pierce et al. 1996) , the determination of threshold detection values depend upon such factors as the method of stimulus dilution, volume of inhalation, type of psychophysical task, and number of trials presented, and requires the need for standardization of procedures. Both of the procedures of Nagata and of Cometto-Muñiz and Cain involve standardized protocols.
The triangle odor bag method, an olfactory test used for environmental regulation in Japan, was first developed in 1972 by the Tokyo metropolitan government (Iwasaki 2003) .
In this method three polyester gas-sampling bags are used, one bag is the odor bag into which a certain amount of the primary odor is injected (and analytically verified for concentration) and the two other bags are filled with only odor-free air thereby setting up conditions for forced-choice testing. The test begins with a concentration that the panel can easily detect, and the concentration is successively diluted by a factor of three when the answer of the panelist is correct. It is continued until an incorrect answer occurs. In this way, panels can detect the odor threshold concentration by a concentration descending method. The triangle odor bag method has been described (in English) in considerable detail (http://www.env.go.jp).
Measurements of ODT values were carried out (Cometto-Muñiz and Cain 1990) using a uniform procedure that included vapor-phase measurements via gas chromatography, a simple but practical static-dilution delivery system, and a sensory technique based on a two-alternative forced-choice procedure that controlled for biases and for differences in response criterion across participants. The odorant is contained in a 4 4 squeeze bottle and the ODT is obtained by detecting the difference from bottles that contain just diluent. Presentations follow an ascending concentration order. The aim of using an ascending method is to avoid adaptation, i.e. loss of sensitivity from mere stimulation (Cain 1989) . We shall refer to the data set obtained in this way as the C1 data set.
Although the Nagata data set covers 223 chemicals, and the C1 data set includes 59 chemicals, the number of chemicals whose ODT values have been thus determined is but a small fraction of olfactory agonists. For example, the number of known compounds just in tobacco smoke exceeded 3,800 as measured in 1982 (Dube and Green 1982) . A large number of volatile organic compounds, a set of approximately half a million, can activate olfaction.
The present work has two major aims. The first major aim is to attempt to analyse the Nagata data set in order to provide an equation or algorithm that will enable the Nagata ODT values to be predicted, and will allow the estimation of ODT values for thousands of airborne chemicals. The second major aim is to attempt to combine other sets of ODT values with the Nagata set in order to obtain a more general equation for the prediction of ODT values. We do not suggest that any combined set of obtained ODT values will constitute an 'absolute scale' but only that an extended set of compounds matched to the Nagata set will be of use both practically and theoretically.
Methodology
Our general method is based on a procedure we have previously described for the correlation of the C1 odor detection data set and detection thresholds for eye irritation and nasal pungency (Abraham et al. 1996 (Abraham et al. , 2001 . A very general linear free energy relationship for the correlation of a variety of processes in which volatile organic 5 5 compounds, VOCs, are transferred from the gas phase to some condensed phase has been devised (Abraham 1993; Abraham et al. 2004 Abraham et al. , 2009a , as eq 1,
In eq 1, the dependent variable is a set of solute properties, SP, in a given system. In the present case SP will be log (1/ODT) where the ODT values are in ppm by volume. We use 1/ODT in eq 1 so that the larger the value of log (1/ODT) the more potent is the chemical.
The independent variables, or descriptors, in eq 1 are as follows. E is the solute excess molar refractivity in units of (dm 3 mol -1 )/10, S is the solute dipolarity/polarizability, A and B are the overall or summation hydrogen bond acidity and basicity, and L is the logarithm of the gas to hexadecane partition coefficient at 25 o C.
Eq 1 has been previously used (Abraham et al. 2002) to correlate odor detection threshold values of Cometto-Muñiz and Cain. For 50 varied compounds, eq 2 was obtained.
Log (1/ODT) = -5.145 + 0.533 E + 1.912 S + 1.276 A + 1.559 B + 0.699 L (2) N = 50, R 2 = 0.773, SD = 0.579, F = 28.7 N is the number of data points, R is the regression correlation coefficient, SD is the standard deviation in the dependent variable, and F is the F-statistic. Carboxylic acids and aldehydes were more potent than predicted by eq 2. In order to include them in the equation it was necessary to devise an indicator variable, H, that takes the value H = 1.6 for The independent variables in eq 2 and eq 3 were obtained from experimental data, as detailed before (Abraham et al. 2004) ; they can also be calculated from structure alone (Plats et al. 1999; ADME Boxes, 2010) , so that the equations can be used to predict further values for any number of volatile organic compounds.
Results and Discussion
Correlation for the Nagata data set. The Nagata values of odor detection thresholds that we use are in Table 1 and Table 2 (Nagata 2003). Nagata gives values for 223 compounds, but we did not have the required descriptors for 17 of these compounds.
We were left with 206 compounds of which 193 are in Table 1 , and 13 are in Table 2 . As a first step, we examined the various homologous series of compounds studied by Nagata.
For any such homologous series, the descriptors E, S, A and B are almost constant, and so eq 2 reduces to, Figure 1a , where the line shown in the panel is that calculated for alkanes from eq 4. It is clear from Figure 1a that two alkanes, propane and butane, are out of line by some two log units. We have carried out this analysis for all the homologous series studied by Nagata and identified a number of outliers in the various series. In Figure 1b is shown a similar plot for a series of esters -these are compounds that have a constant c' value without being a homologous series. Four outliers can be identified. In addition to the identification of outliers we can use the observed plots to make an assessment of the consistency of the data, from the scatter about the calculated line on eq 4.
The graph shown in Figure 1c for the aliphatic aldehydes is quite different from the graphs shown in Figure 1a and 1b. Now all the aldehydes are out of line, and are all more potent than calculated. The best line through the observed data points is almost parallel to 8 8 the calculated line from eq 4, suggesting that a simple indicator variable for aldehydes will bring them all into line. A similar situation was found for the aliphatic carboxylic acids (graph not shown). The results for the aldehydes and carboxylic acids are exactly as we found previously for the C1 data set (Abraham et al. 2002) . A homologous series not studied by Cometto-Muñiz and Cain is the aliphatic mercaptans, RSH, see Figure 1d . All the mercaptans are more potent than calculated by nearly four log units, and, again, the best fit line through the observed points and the calculated line from eq 4 are parallel. This again means that a simple indicator variable for mercaptans will bring them into line. Unsaturated esters are another class of compound that are more potent than calculated from eq 4 (graph not shown).
If we exclude the four series of compounds, the aldehydes, the acids, the mercaptans, and the unsaturated esters, that require an indicator variable to bring them into line, and 13 compounds that we identified as outliers, see Table 2 , we are left with 75 compounds for which we have observed log (1/ODT) values and calculated log (1/ODT) values on eq 4. An analysis of the 75 observed and calculated values showed that the average error, AE, between the observed and calculated values was -0.06 log units, the average absolute error, AAE, was 0.54 log units and the SD was 0.66 log units. The very small AE shows that there is little bias in the assignments of eq 4, but the large values of AAE and SD imply that there is a considerable inconsistency in the Nagata data. This in turn suggests that any equation constructed to correlate Nagata's data will not have an AAE value less than about 0.54 log units or an SD value of less than 0.66 log units, unless the equation is seriously over fitted. From our preliminary analysis we excluded the 13 compounds in Table 2 , and we assigned indicator variables as follows. M is the variable for the mercaptans and takes the value M = 1 for mercaptans and M = 0 for all other compounds. AL is the variable for aldehydes and takes the value AL = 1 for aldehydes and AL = 0 for all other compounds.
AC is the variable for acids and takes the value AC = 1 for acids and AC = 0 for all other compounds. UE is the variable for unsaturated esters and takes the value UE = 1 for unsaturated esters and UE = 0 for all other compounds. Application of eq 1, plus the indicator variables resulted in eq 5 where the 193 compounds are those in Table 1 .
Log ( The statistics of eq 5 can be regarded as reasonable, especially since we suggest that the self consistency of Nagata's data is around 0.66 log unit. Following our previous work (Abraham et al. 2001) , we added a term in L 2 to eq 5, but it led to no improvement in the statistics. Eq 5 appears to be the first equation proposed for the correlation of Nagata's data.
The indicator variables used in eq 5 are not just arbitrary variables used to obtain a better fit to the data; they serve a purpose beyond any increase in fit to the equation. Alarie et al. (Alarie et al. 1998a (Alarie et al. , 1998b investigated the sensory irritation of mice by airborne chemicals, and classed chemicals as acting by a physical mechanism (p) or by a chemical mechanism (c). Compounds that induced sensory irritation by a chemical mechanism were identified through an increase in potency by comparison with that calculated for irritation by a physical mechanism. In essence, this is the same procedure that we have used to 10 10 identify compounds that are more potent than calculated from eq 4. It was shown that carboxylic acids, aldehydes, and unsaturated esters were more potent than expected, exactly as we have found (Alarie et al. 1998a (Alarie et al. , 1998b .
Incorporation of other data sets. The ODT values obtained by Cometto-Muñiz and Cain as the C1 data set are in Table 3 (Cometto-Muñiz and Cain 1990 Cain , 1991 Cain , 1993 Cain , 1994 Cometto-Muñiz et al. 1998a ). If we omit acids and aldehydes, because of the problem of the necessity for indicator variables, the average difference is 2.129 log units between the Nagata data set and the C1 data set for 30 common compounds. Thus the Nagata absolute ODT values are lower than the C1 values by a factor of about 100. More recently, complete concentration-detection (called psychometric) odor functions from which the ODT is obtained have been measured (Cometto-Muñiz and Abraham 2008 , 2010a , 2010b Cometto-Muñiz et al. 2008 ). These ODT values, which we denote as set C2, are all much smaller than those in set C1 and approach ODT values for the Nagata data set. The C2 data set is given in Table 4 . We can include this data in our ODT analysis by use of an indicator variable for the C2 data set; C2 = 1 for compounds in the set, and zero for compounds outside the set. In addition we need indicator variables for carboxylic acids, C2AC, and for aldehydes, C2AL. If the ODT values in the C2 data set are statistically close to the Nagata data set, we expect the coefficient of C2 to be very small. Table 4 about here → Finally, we hoped to incorporate the set of odor detection thresholds for petrochemicals that has been obtained by Hellman and Small (Hellman and Small, 1974) , again using a standard protocol. Although the ODT values were obtained many years ago, the data set includes several types of compounds not present in the Nagata, C1 and C2 data sets, and so it seemed of interest to see if this set of ODT values could also be scaled to the Nagata set.
We simply used the Hellman and Small, HS, data set as such, and incorporated a new descriptor in order to adjust the HS set to the Nagata set. The descriptor HS = 1 for the HS set of log (1/ODT) values and HS = 0 for all other values.
Table 5 about here →
For the combined sets of data, the coefficient of C2 was very small, at -0.020, rather as we had expected, and so this descriptor was dropped to yield the final general eq 6. We summarize the various indicator variables in Table 6 .
Log ( For the predicted and observed log (1/ODT) values we found the absolute error = 0.078, the average absolute error = 0.692, the root mean square error = 0.874 and SD = 0.877 log units. The very small absolute error means that there is no bias in the predictions, and the value of SD, very close to PSD = 0.869, suggests that eq 6 can be used to predict further values of log (1/ODT) to around 0.88 log units. We suggest that eq 6 be used in the prediction of further values of log (1/ODT) on the Nagata scale. Of course, only the Nagata indicator variables, M, AL, AC and UE then need to be considered. We investigated the use of a parabolic relationship in L by adding a term in L 2 to eq 6, but the resulting equation was no better than eq 6. We also investigated an alternative equation, eq 7. The general eq 1 has invariably been used to correlate quantities that refer to transfer from the gas phase to a condensed phase, for example gas to blood (Abraham et al. 2005 ), gas to brain (Abraham et al. 2006a ), gas to muscle (Abraham et al. 2006b ), gas to olive oil (Abraham and Ibrahim 2006) , as well as numerous other gas to solvent partitions.
The alternative Abraham equation, eq 7, has been used to correlate quantities that refer to 14 14 transfer from one condensed phase to another, for example water to solvent partitions. In eq 7, the independent variable, V, is the McGowan volume in units of (cm 3 mol -1 )/100.
SP = c + e E + s S + a
Although eq 7 usually leads to worse statistics than eq 1 when applied to gas to condensed phase transfers, we thought it useful to apply eq 7 to the entire data set used to construct the general eq 6. The L-descriptor in eq 1 is usually obtained experimentally from data on gas chromatographic retention times (Abraham et al. 2004) or can be estimated from fragmentbased schemes (Platts et al. 1999 , ADME Boxes, 2010). However, there is no need even to estimate V, because it is specifically defined in terms of atom and bond contributions (Abraham and McGowan 1987) . All that is required to calculate V is a knowledge of the molecular formula and a count of the number of bonds, Bn. The latter can be obtained trivially from the algorithm of Abraham (Abraham 1993) : Bn = Na -1 -R where Na is the total number of atoms in the molecule and R is the number of rings. There is thus an advantage of eq 7 over eq 1 in that one less descriptor needs to be determined or estimated.
When we applied eq 7 to the 353 odor detection thresholds we obtained eq 8 after leaving out the term in C2 (0.138 ± 0.230). coefficients for various gas-to-condensed-phase processes eq 6 should be used. However, as a practical equation for the prediction of further values of odor detection thresholds on the Nagata scale, eq 8 is an alternative to eq 6.
Eq 6 and eq 8 should lead to predictions of log(1/ODT) to within an SD value of 0.87 or 0.98 log units respectively. There is already a data base of several thousand volatile compounds for which the descriptors in eq 6 and eq 8 are available (Abraham 1993; Abraham et al. 2004 ; ADME Boxes 2010), and hence log(1/ODT) values can be predicted for these compounds straight away. In addition, it is possible to predict descriptors just from structure (Platts et al. 1999 ; ADME Boxes 2010) and so in principle a log(1/ODT) value can be predicted for almost any structure. Of course, the same caveats with respect to reactive compounds will apply to both eq 6 and eq 8; these equations have indicator variables for compounds containing specific reactive groups. Hence the equations cannot be used to predict odor detection thresholds for compounds that contain other reactive groups that we have not taken into account. Of course, once log(1/ODT) values are available for a number of compounds with a new reactive group, eq 6 and eq 8 can be amended by the incorporation of a new indicator variable for the new reactive group. The principal 16 16 component analysis, the regression equations and the various calculations were all carried out using Minitab software (Minitab 2003) .
In studying thresholds for eye irritation and nasal pungency (two trigeminal, as opposed to olfactory, chemosensory endpoints) we have recently shown that for several homologous series, the potency of the higher members of the series reaches a "cut-off" point where the homologs fail to even reach a detection threshold (Cometto-Muñiz et al. 2005a , 2005b , 2006 , 2007a . 2007b Cometto-Muñiz and Abraham 2008a, 2008b) . This cutoff in potency seems not to be due to a physical mechanism such as lack of sufficient concentration to elicit a response, but rather to a chemical mechanism possibly connected with the size of the irritant and the size of the irritation, i.e., nociceptive, receptor(s) (Owsianik et al. 2006; Bandell et al. 2007; Bautista et al. 2006; Julius 2005) . In terms of olfactory detection thresholds, the existence and basis for a cut-off point has not been yet systematically investigated as with trigeminal thresholds. If it turns out that there is a similar "cut-off" point for odor detection thresholds, then none of the equations we have constructed will correctly predict odor detection thresholds for higher members of homologous series. Since, at least for eye irritation thresholds, the cut-off point is not reached until the chain length is about 11-13 carbon atoms for a simple aliphatic homologous series, this may not restrict the application of our equations for odor thresholds very much. However, it is another caveat to keep in mind.
Comparison of odor threshold data and chemesthetic threshold data. Whenever applied to odor threshold data, the Abraham equation fits less well than when applied to chemesthetic threshold data. The R 2 for the odor data eq (6) is 0.759, whereas the R 2 for nasal pungency thresholds is 0.955 (Abraham et al. 2001) . This suggests that the mechanism that underlies odor detection is more complex than the mechanism that 17 underlies chemesthetic detection. For olfaction, the variety of perceived qualities and the size of the family of genes needed to support transduction of that variety exceeds that for chemesthesis by an order of magnitude or more (Bandell et al. 2007 ). The large difference in complexity could easily indicate the need for more, or for different, parameters for olfaction. Without incorporation of such parameters, whatever their nature, the linear free energy relationship, LFER, would in principle lack some level of precision.
Another explanation that rests upon a systematic difference in transduction between olfaction and chemesthesis seems just as plausible and has important implications for the nature of detection. The difference in transduction can be seen in the psychometric functions for olfactory and chemesthetic detection. Figure 4 shows functions for the detection of TXIB (2,2,4-trimethyl-1,3-pentanediol diisobutyrate) and ethanol (Cain et al. 2005 ). The odor of each increases less sharply than does its feel in the nose or eyes. A difference in sharpness has occurred for every material studied for both outcomes (Cain et al. 2007; Cain and Schmidt 2009) . It is typically in excess of 1 to 2 log units, see Figure 4 .
It follows that the uncertainty in any estimate of an odor threshold will be much larger than the uncertainty of an estimate of a chemesthetic threshold, compare SD = 0.27 log units for our equation for nasal pungency thresholds (Abraham et al. 2001) to SD = 0.82 log units in eq 6. The shallower functions for olfaction represent a systematic difference from chemesthesis. Although this shows itself in a probabilistic measure, such as the standard deviation, it actually represents a systematic difference in how the two modalities function.
In this respect it does not derive from more instability in olfaction, just a shallower input- 
